Among the pathovars of Escherichia coli in cattle, necrotoxigenic E. coli (NTEC) is defined by the production of cytotoxic necrotizing factors (CNFs). In particular, type 2 NTEC (NTEC2) strains are frequent in diarrheic and septicemic calves and usually coproduce CNF type 2 (CNF2), cytolethal distending toxin type III (CDTIII), and fimbrial adhesins of the F17 family, whose genetic determinants have frequently been reported on the same Vir-like plasmid. In this study, we investigated the genetic environment of the cnf2, f17Ae, and cdtIII genes in a collection of fecal E. coli isolates recovered from 484 French and 58 Iranian calves. In particular, we highlighted the spread of cnf2, f17Ae, and cdtIII on similar 150-kb IncF plasmids harboring the newly assigned repFII replicon allele F74 in NTEC2 isolates. Interestingly, this 150-kb IncF plasmid differed from the 140-kb IncF plasmid harboring the newly assigned repFII replicon allele F75 and carrying cnf2 alone. These results suggest two divergent lineages of cnf2-carrying IncF plasmids depending on the presence of the f17Ae and cdtIII genes. This partition was observed in E. coli strains of unrelated backgrounds, suggesting two different evolutionary paths of cnf2-carrying IncF plasmids rather than divergent evolutions of NTEC2 clones. The driving forces for such divergent evolutions are not known, and further studies are required to clarify the selection of plasmid subtypes spreading virulence determinants in E. coli, in particular, plasmids of the IncF family.
scherichia coli is considered a dominant member of the normal microflora of mammals but may also be responsible for intestinal and extraintestinal infections (1) . Accordingly, several pathovars of E. coli have been reported over time both in humans and in animals (1, 2) . In general, those infections result from a combination of host susceptibility and biological functions expressed by the pathogenic E. coli strain, such as an enhanced ability to colonize the host or the production of toxigenic factors.
To adhere to host cells, pathogenic E. coli strains usually produce fimbrial or afimbrial adhesins. In cattle, E. coli isolates from diarrheic and septicemic calves often produce F17 fimbriae (3, 4) , which bind N-acetyl-D-glucosamine (GlcNAc)-containing receptors present on host intestinal epithelial cells (4, 5) . F17 fimbriae consist of fine filamentous heteropolymers composed of two main subunits: the pilin F17-A subunit, which forms the bulk of the fimbriae, and the adhesin F17-G subunit (4) . Several variants have been reported: F17a-A, F17b-A, F17c-A, F17d-A, F17e-A, and F17f-A for the F17-A pilin (6-10) and F17-G1, F17-G2, and F17-G3 for the F17-G adhesin (10, 11) . In particular, the recently reported F17e-A variant was abundantly found in E. coli isolates from diarrheic calves in Iran and was found to be associated with F17-G3 on a pathogenicity or a fitness island in Shiga toxin-producing E. coli (STEC) strain MHI813 (10) .
Among the virulence determinants reported in cattle-pathogenic E. coli strains, cytotoxic necrotizing factors (CNFs) and cytolethal distending toxins (CDTs) are of significant importance (12) . Indeed, necrotoxigenic E. coli (NTEC) is a group of pathogenic E. coli strains defined by the production of CNF type 1 (CNF1), CNF2, or CNF3 variants found in several hosts, including humans (13) (14) (15) (16) . In particular, type 2 NTEC (NTEC2) strains, which produce CNF2, are frequently encountered in diarrheic and septicemic calves (17) . In addition, NTEC2 strains usually produce other toxins, such as CDT type III (CDTIII) (18, 19) . Also, whereas NTEC1 strains, which produce CNF1, frequently express fimbrial adhesins of the P and S families or afimbrial adhesins of the AFA family, NTEC2 strains mainly express fimbrial adhesins of the F17 family or afimbrial adhesins of the AFA family (4, 12) .
The genetic location of these genes, either on the plasmid or on the chromosome, has a crucial impact on the spread of virulenceassociated features within the E. coli population. Accordingly, the Vir plasmid was initially designated the molecular support for both toxic and adhesive transmissible properties referred to as the "Vir phenotype" in E. coli isolates from septicemic calves and lambs (6, (20) (21) (22) . Later on, the Vir plasmid was reported to propagate the cnf2 and f17A genes in NTEC2 cattle isolates (23, 24) and other genes, such as cdtIII (19, 25) . The role of such Vir-like plasmids was also investigated in experimental calf models (26) . These plasmids mostly belong to the F-type family, even though a com-prehensive picture of the different IncF plasmid subtypes disseminating those genes is lacking (27) . In this regard, replicon sequence typing (RST) is a useful and convenient tool which has largely been set up for studying the epidemiology of IncF plasmids carrying antimicrobial resistance genes and which has proved to be of major help in deciphering the major driving forces in plasmid selection or evolution (28) (29) (30) . This method has been less used, however, to clarify the distribution of plasmids harboring virulence-associated factors.
In this study, we studied the colocalization of the cnf2 and cdtIII genes and the recently reported f17Ae gene in NTEC2 isolates from diarrheic calves. We also subtyped the corresponding IncF plasmids and highlighted the specific distributions of repFII replicons, which suggest divergent evolutionary paths.
MATERIALS AND METHODS
Collections of E. coli isolates. Two collections of E. coli were considered, and these were from two previous independent studies (10, 31) . The first collection was recovered between February 2012 and July 2012 from the feces of 484 healthy calves, with a median age of 6 months, originating from 12 slaughterhouses in four distinct areas in France (31) . This collection was composed of (i) 2,420 E. coli isolates from the dominant flora (5 isolates per animal) and (ii) 152 E. coli isolates from the subdominant flora producing extended-spectrum beta-lactamases (ESBLs) conferring resistance to broad-spectrum cephalosporins (1 per animal). In brief, approximately 10 g of feces from each calf was diluted 1/10 in phosphate-buffered saline (PBS). The inoculum was plated in parallel on selective ChromID ESBL agar (bioMérieux, Marcy l'Etoile, France) for the isolation of ESBL producers and on MacConkey agar (bioMérieux) for the isolation of bacteria from the dominant flora. After 24 h of incubation at 37°C, one colony was arbitrarily selected from the ESBL agar plate and five colonies were selected from the MacConkey agar plate. All selected isolates were identified as E. coli using colony morphology and API 20E tests (bioMérieux). The second collection was recovered between March 2004 and June 2005 and consisted of 58 E. coli isolates from rectal swabs of 58 diarrheic calves from 11 herds in Kerman Province, southeastern Iran (10).
Determination of F17e-A, F17-G3, CNF2, and CDTIII producers.
After the extraction of DNA from each isolate by using the NucleoSpin tissue extraction kit (Macherey-Nagel, Hoerdt, France) according to the supplier's recommendations, a search for F17A was performed by PCR with F17-specific common primers (11) . For convenience, for non-ESBL producers, F17A and F17-G were first detected in a pool of the five dominant isolates per calf. Detection of F17e-A and F17-G3 variants was then performed by PCR with specific primers (10), using E. coli MHI813 (32) and MG1655 as positive and negative controls, respectively. A search for cnf2 and cdtIII in the F17e-A-and F17-G3-positive isolates was performed by PCR (25) , using E. coli strains 6.0900 and MG1655 as positive and negative controls, respectively. The oligonucleotides used are listed in Table 1 .
Clonality of the E. coli isolates. The clonality of the F17e-A-and F17-G3-positive isolates was investigated by pulsed-field gel electrophoresis (PFGE). In brief, whole-cell DNA was digested with XbaI (for 16 h at 37°C) after lysis by lysozyme and proteinase K. Electrophoresis of the enzyme-generated fragments was performed with a contourclamped homogeneous electric field (CHEF) Mapper XA system apparatus (Bio-Rad, Hercules, CA, USA) through a 1% agarose gel. Migration was performed for 24 h at 14°C with an electric field of 6 V/cm. DNA band patterns were stained with ethidium bromide, photographed with a Gel Doc XR system (Bio-Rad), and analyzed with Gelcompar II (version 6.5) software. DNA band sizes were determined from the CHEF DNA size standard consisting of a bacteriophage lambda ladder (size range, 50 to 1,000 kb; Bio-Rad).
Plasmid analysis and Southern blotting. The plasmid content of the different F17e-A-and F17-G3-positive clones identified by XbaI PFGE was investigated by nuclease S1 PFGE. Briefly, whole-cell DNA from E. coli isolates was digested with S1 nuclease (for 45 min at 37°C) after lysis by lysozyme and proteinase K. Electrophoresis of the linearized plasmids was performed under the same conditions described above, except that migration was performed for 20 h. After ethidium bromide staining and digital photography, the DNA fragments were transferred to a Hybond-Nϩ nylon membrane (GE Healthcare, Pittsburgh, PA, USA). Then, the plasmidic or nonplasmidic locations of the f17Ae, f17G3, cnf2, and cdtIII genes were investigated by Southern blotting with specific probes labeled with a digoxigenin probe (Roche, Basel, Switzerland). The possible colocaliza- 
tion of the bla CTX-M gene with those genes was tested by Southern blotting using probes specific for each CTX-M group (Table 1 ) (35) . IncF probing was performed using general IncF probes as reported in Table 1 . IncF plasmid typing and subtyping. Characterization of the plasmid families was performed by PCR-based replicon typing (33) . In isolates harboring the f17Ae, f17G3, cnf2, or cdtIII gene on IncF plasmids, complete sequencing of the repFII, repFIA, and repFIB replicons was performed, and the RST scheme was used to produce the FAB formula (30) . When a single animal presented with several isolates positive for F17e-A or F17-G3, these isolates were clonal (identical PFGE profiles) except in 3 animals in which 2 different E. coli strains were identified (data not shown). The 4 F17e-A-positive ESBLproducing E. coli isolates and the F17e-A-or F17-G3-positive non-ESBL-producing E. coli isolates were weakly related, except for isolates 29930 and 31365, which corresponded to the same F17e-A-positive clone (Fig. 1) . The second collection of 20 F17e-FIG 1 PFGE XbaI profiles of the F17e-A-and F17-G3-producing E. coli isolates from healthy calves in France. The PFGE profiles were analyzed with Gelcompar II (version 6.5) software, using the Dice similarity coefficient, 0% optimization, 1% tolerance, and the unweighted pair group method using average linkages clustering method. 
RESULTS

Identification of
Str, Kan, Gen, Tob, Chl, Ffc, Tet, Sul, Tmp A-positive E. coli isolates (from 58 Iranian calves) was already constituted from a previous study (10) . In total, 43 French and 20 Iranian F17e-A-positive E. coli isolates were considered in this study, with the French collection including 4 F17e-A-positive/ESBL-producing and 39 F17e-Apositive/non-ESBL-producing E. coli isolates.
Detection of f17Ae, f17G3, cnf2, and cdtIII in the two E. coli collections. In the French collection, 29/43 (67.4%) F17e-A-positive E. coli isolates were also positive for cnf2 and cdtIII (25 non-ESBL producers and 4 ESBL producers), and 9/43 (20.9%) were positive for cnf2 only ( Table 2 ). The 5 F17-G3-positive E. coli isolates were negative for cnf2 and cdtIII. In the Iranian collection, all 20 E. coli isolates were F17e-A positive, among which 2/20 (10%) were also positive for cnf2 and cdtIII, and none were positive for cnf2 only (Table 3 ). F17-G3 was never detected.
Detection of IncF replicons in the two E. coli collections. In the French and Iranian E. coli collections, all F17e-A-positive E. coli isolates harbored IncFII/FIB plasmids, whereas the repFIA replicon was never detected (Tables 2 and 3 ). In the subset of 5 French F17-G3 E. coli isolates that were F17e-A negative (28590, 28812, 29234, 29403, and 29547), isolate 29403 harbored an IncFII/FIB plasmid, whereas isolates 29234 and 29547 harbored an IncFII plasmid only. Neither of the last two F17-G3-positive E. coli isolates displayed an IncF plasmid.
Genetic localization of f17Ae, f17G3, cnf2, and cdtIII in the two E. coli collections. Southern blot analysis on S1-PFGE gels using IncF-, f17Ae-, cnf2-, and cdtIII-specific probes was carried out to determine the genetic localization of f17Ae, cnf2, and cdtIII in all French E. coli isolates.
In the French E. coli collection, cnf2 was detected in 38/43 E. coli isolates and always located on an IncF plasmid. However, cnf2 was found either with or without f17Ae and cdtIII ( Fig. 1; Table 2 ). The f17Ae, cnf2, and cdtIII genes colocalized on the same plasmid in 20 F17e-A-positive E. coli isolates of the dominant flora ( Fig. 2A) and 4 F17e-A-positive ESBL-producing E. coli isolates (Fig. 3) . In isolate 29582, cdtIII colocalized with cnf2 on an IncF plasmid, but no hybridization with the f17Ae probe was obtained. Interestingly, the IncF plasmid harboring f17Ae, cnf2, and cdtIII was always 150 kb in size.
In the remaining 14 cnf2-positive E. coli isolates, f17Ae and cdtIII were located on the chromosome (Fig. 2A) . For E. coli isolate 28979, f17Ae also cohybridized with the genomic DNA, but no cdtIII signal was detected in the Southern blot. In parallel, f17G3 hybridized with the genomic DNA as well (data not shown). Interestingly, the IncF plasmid harboring cnf2 alone was always 140 kb in size.
In the Iranian E. coli collection, cnf2 was detected in 2/20 E. coli isolates and always located on an IncF plasmid. In the two E. coli isolates, cnf2 was found with f17Ae and cdtIII on this IncF plasmid ( Figure 2B; Table 3 ), which was 150 kb in size. Conversely, the IncF plasmid recovered in isolates negative for cnf2 and cdtIII was 110 kb in size.
Subtyping of the IncF plasmids carrying f17Ae, cnf2, and cdtIII or cnf2 alone. IncF replicon sequencing was performed to further characterize the two groups of cnf2-carrying IncF plasmids, i.e., harboring either cnf2 together with f17Ae and cdtIII or cnf2 alone. In the French E. coli isolates, a limited number of repFII (F2, F74, F75) and repFIB (B3, B24, B41, B42, B44) replicon alleles (and, therefore, combinations of them) was observed for the cnf2-carrying IncF plasmids (Table 2 ). In particular, two newly assigned repFII alleles (F74 and F75) from this study were dominant, and they strongly differed from each other (14 mutations). The F74 allele was by far the dominant IncFII allele of the 150-kb cnf2, cdtIII, and f17Ae IncF plasmids (22/24, 91.5%), whereas the F75 allele was the sole IncFII allele of the 140-kb cnf2 IncF plasmids (14/14, 100%) ( Table 2) . Hence, these F74 and F75 alleles discriminate two plasmid populations among the two different groups of NTEC2 isolates, depending on whether they carry cnf2, cdtIII, and f17Ae or only cnf2. As well, some FAB formulas, such as F74:AϪ:B3 and F75:AϪ:B24, were more frequently observed.
In the Iranian E. coli collection, only two E. coli isolates carried f17Ae, cnf2, and cdtIII genes on an IncF plasmid. Interestingly, this plasmid was a 150-kb F74:AϪ:B40 plasmid, whereas the IncF-type plasmid dominantly recovered from isolates testing negative for cnf2 and cdtIII was a 110-kb F57:AϪ:BϪ plasmid ( Fig. 2B ; Table  3 ). F57 differs from F74 by 18 mutations and from F75 by 14 mutations.
Clonality of E. coli isolates and F74/F75 repFII allele distribution in French calves. As reported above and in our previous study (31) , the vast majority of E. coli isolates recovered from French calves were different clones. However, as shown in Fig. 1 , the distribution of the F74 and the F75 alleles was not randomly distributed among isolates but partly clustered with subgroups of them. The clonality of the Iranian E. coli was previously published (10) , and these results showed that the two cnf2-positive isolates were from a minor clone (clone V).
Antimicrobial susceptibility of the F17e-A-and/or F17-G3-positive E. coli isolates. ESBL producers were part of the French E. coli collection (31), and as the Iranian E. coli harbored a mostly uniform tetracycline-resistant pattern (10), we investigated the resistance phenotypes of all F17e-A-and/or F17-G3-positive E. coli isolates in order to gain further insight into the diversity of the isolates. As shown in Table 2 , French E. coli isolates harbored much more diverse resistance patterns than Iranian E. coli isolates. In particular, only 26/43 (60.4%) French E. coli isolates were resistant to tetracyclines. Nevertheless, E. coli isolates harboring the 140-kb IncF plasmid were globally less resistant than those harboring the 150-kb plasmid.
Localization of the ESBL genes. The genetic localization of the ESBL genes present in the four F17e-A-positive ESBL-producing E. coli isolates was investigated. As shown by Southern blotting, none of the bla CTX-M genes was located on the cnf2 IncF plasmid (Fig. 3) .
DISCUSSION
F17e-A is a newly reported F17-A variant, closely related to F17b-A (10). This variant was prevalent in E. coli isolates from diarrheic calves in Iran and identified in the Shiga-like toxin variant Stx1d-producing bovine E. coli strain MHI813, together with the F17-G3 variant (10) . In contrast, F17e-A was rare in E. coli isolates from healthy adult bovines (0.8%) (10) . These data suggest an association between F17e-A and virulence, even though this would need further investigation.
The genetic locations of the F17 adhesin-encoding genes have been rarely studied in detail. Nevertheless, some f17A gene variants were reported on plasmids or on the chromosome of E. coli (3, 23, 24, 34) . In addition, a particular variant may be either plasmidic or chromosomal, depending on the E. coli isolate considered. In strain MHI813, f17Ae was chromosomally located (10) . Here, we found that f17Ae was principally plasmid located (60.5%), and those plasmids were all of the IncF family, which is consistent with previous data on f17-carrying plasmids. In the same way, f17G3 was exclusively found to be chromosomally located, which is consistent with data on the MHI813 strain (10) .
In NTEC2 isolates, F17 adhesins are usually associated with CNF2 and, to a lesser extent, CDTIII production (12) . Therefore, we investigated the presence of those genes in the f17Ae-positive isolates. Interestingly, in cnf2-positive isolates, f17Ae and cdtIII were either both plasmidic or both nonplasmidic, and this prompted us to investigate to what extent those three genes were located on the same plasmid or not. Indeed, one group of E. coli isolates harbored cnf2 together with f17Ae and cdtIII on the same 150-kb IncF plasmid. On the other hand, a second group of E. coli isolates possessed a 140-kb IncF plasmid harboring cnf2 alone. This suggests the spread of two divergent lineages of cnf2-carrying IncF plasmids (with or without f17Ae and cdtIII) in unrelated NTEC2 clones.
To gain further insights into the epidemiology of the cnf2 plasmid in NTEC2 isolates, we characterized the repFII and repFIB replicons of the 140-kb and 150-kb IncF plasmids). Of note, none of the plasmids harbored a repFIA replicon, which is consistent with previously published data on virulence plasmids (25, 27, 30) . Surprisingly enough, we found a strict partition of two repFII alleles (F74 and F75) among the two plasmid lineages. Certain FAB formulas, such as F74:AϪ:B3 and F75:AϪ:B24, were even highly predominant. This is particularly noteworthy considering the diversity of the NTEC2 isolates, which were from different calves and different geographical origins in France and which were recovered at different periods of time. This reinforces the hypothesis of the strong divergent evolutionary paths of the cnf2 plasmids in those NTEC2 isolates.
This hypothesis was even strengthened by the finding of a 150-kb F74:AϪ:B40 plasmid specifically carrying the f17Ae, cnf2, and cdtIII genes in the only minor E. coli clone (2 isolates) among a collection of 58 E. coli isolates from diarrheic calves in Iran. On the contrary, in all other isolates that tested negative for cnf2 and cdtIII, the f17Ae gene was carried on IncF plasmids not carrying the F74 or F75 allele and mostly on a 110-kb F57:AϪ:BϪ plasmid. In all, these data obtained from a totally different context again suggest a strong association of the repFII F74 allele and the simultaneous spread of the cnf2, cdtIII, and f17Ae genes in NTEC2 isolates. Further investigations are under way to gain additional insight into the structures of these two plasmid lineages, such as by using restriction fragment length polymorphism analysis or whole-genome sequencing. The driving forces for such divergent evolutions are not known, and one may consider that antimicrobial resistance may play a role. Indeed, all NTEC2 isolates in this study were resistant to antibiotics, with the two groups of cnf2-positive E. coli being obviously of different multidrug resistance levels. Also, ESBL genes are regularly recognized on IncF plasmids, even though they were not on the cnf2 IncF plasmids in this study. In particular, FAB formulas reported here are newly described, which may argue for the possibility that different IncF plasmid lineages disseminate antimicrobial resistance and virulence factors. In all, this issue should be kept under attention, as isolates that are resistant to antimicrobials have widely colonized the cattle E. coli flora over time and may well contribute to the selection of virulence determinants in the future, such as of cnf2 and cdtIII, thanks to further plasmid evolutions among the members of the IncF family.
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